Cellular calcium overload qgures prominently in the pathogenesis of the contractile dysfunction observed after brief periods of ischeiia (myocardial stunning)i Because acidosis is known to antagonze Ca influx and the intracellular binding of Ca, we reasoned that acidosis during reperfusion might prevent Ca overload and ameliorate functional recovery. We measured developed'pressure (DP) and 31P-nuclear magnetic resonance spectra in 26 isovolumic Langendorif-perfused ferret hearts.
Introduction
Even if ischemic heart muscle is reperfused before irreversible injury can occur, contractile function remains impaired for long periods, a phenomenon known as myocardial stunning (1, 2) . Several lines of evidence support the hypothesis (3) (4) (5) (6) that cellular Ca overload during reperfusion constitutes a major cause of myocardial stunning. It has long been recognized that an increase in total tissue Ca content occurs with reperfusion after ischemia (3, 4, (7) (8) (9) (10) (11) (12) (13) (14) . We (9, 13, 14) and others (10) have shown that cytosolic free Ca levels increase markedly during I0-?0 min of ischemia, and recently we have found that [Ca2+] i remains elevated during the first 5 min of reperfusion (13) . Changes in fluorescence during ischemia have recently been interpreted as evidence for andincrease in both diastolic [Ca2+] i and in the amplitude of [Ca2+] i transients in perfused hearts loaded with the Ca2+ indicator indo-l (15) . A pathogenetic link between cellular Ca overload during reflow and stunning is suggested by the observation that reperfusion with low-Ca solutions improves functional recovery after 15 min of ischemia in the Langendorff-perfused ferret heart (5) . Calciumn overload may even lead to "stunning" in the absence of ischemia and reperfusion: we have recently observed that transient Ca overload without ischemia leaves behind contractile dysfunction which closely mimics stunned myocardium (6) . These results suggest that maneuvers designed to reduce Ca loading during renerfusion may help improve functional recovery.
One particularly promising intervention is acidosis, which is known to blunt Ca2+ influx into cells and Ca2+ binding to a number ofhigh-and low-affinity intracellular sites. H' inhibits Na-Ca exchange (16, 17) , slow inward Ca channels (18) (19) (20) , Ca2+ release from the sarcoplasmic -reticulum (21, 22) , and binding of Ca2`to troponin C (22) (23) (24) and to sarcolemmal phospholipids (25) . Perhaps as a consequence of the decrease in Ca2" binding to intracellular sites, the Ca2`transient that underlies excitation-contraction coupling is increased by acidosis (26, 27) . Considerable attention has already been focused on the effects of acidosis during hypoxia or ischemia. As early as 1973, Bing and co-workers (28) found that acidosis during hypoxia improved functional recovery upon reoxygenation, as confirmed and extended by other investigators (29) (30) (31) . The effects of acidosis on function have also been investigated during ischemia (32), but not upon reperfusion. Intracellular acidosis due to lactate accumulation can be quite severe during ischemia, but intramyocardial pH recovers very quickly afterwards (5) . If pH, is restored to normal before other ionic gradients (particularly that for sodium) can reequilibrate, Ca influx is augmented and Ca binding to intracellular sites is potentiated, setting the stage for Ca-mediated reperfusion injury (3, 33) . On the other hand, if acidosis is purposely induced during the very early reperfusion period, it may be possible to attenuate Ca influx and/or Ca binding and thereby protect against myocardial stunning.
To test the idea that acidosis might protect against stunning, we measured basic parameters of mechanical function in ferret hearts (myocardial responsiveness to Ca2+ and maximal were initially reperfused with acidic solution before returning to solution of normal pH. To examine selectively the effect of intracellular acidosis during reperfusion, hearts were exposed to NH4Cl just before ischemia, then reperfused with normal solution. We used phosphorus-3 1 nuclear magnetic resonance (NMR)' to measure intracellular pH and to examine the relationship between mechanical deterioration and loss of highenergy phosphates after reperfusion.
Methods
Preparation. The experimental preparation has been described previously (5, 34, 35) . In brief, hearts were excised from 1 1-14-wk-old ferrets anesthetized with sodium pentobarbital (200 mg, intraperitoneal injection), and retrogradely perfused with 100% 02-bubbled modified Tyrode's solution. The perfusate contained (in millimolar) 108 NaCl, 5 KC1, 1 MgCl2, 5 Hepes, 2 CaC12, 20 Na acetate, and 10 glucose. The pH of the solution was normally adjusted with NaOH to 7.40 at 370C. To make the perfusate acidic (pH = 6.6 or 7.0), we added concentrated HCl as necessary. The coronary flow rate was controlled by a peristaltic pump and was initially adjusted so that the coronary pressure equaled 90 mmHg, after which the flow rate was kept constant throughout the experiment except during global ischemia (induced by stopping the pump and clamping the perfusion line). The heart was paced at 170-190 beats/min with a model S44 stimulator (Grass Instrument Co., Quincy, MA). A thin latex balloon tied to the end of a polyethylene tube was inserted into the left ventricle through the mitral valve and connected to a Statham P23DB pressure transducer (Gould Inc., Cleveland, OH). The balloon was filled with aqueous solution to achieve an initial end-diastolic pressure of 8-12 mmHg, then kept isovolumic throughout the experiment. Perfusion pressure was monitored at the tip ofthe aortic cannula. Left ventricular (LV) pressure and coronary perfusion pressure were recorded with a chart recorder (Gould Inc., Cleveland, OH) and an FM instrumentation tape recorder (Hewlett-Packard Inc., Palo Alto, CA).
Ca, responsiveness and maximal Ca2"-activated pressure. We measured fundamental parameters of Ca2"-activated contraction as defined previously (34, 35 Maximal Ca2"-activated pressure (MCAP) was determined from the saturating level of DP during tetani as [Ca] . was increased (34) . After the second determination of Ca. responsiveness, hearts were exposed for 10-20 min to ryanodine (3 ,uM; Penick Corp., Lyndhurt, NJ), after which tetani were produced by high-frequency electrical stimulation (8) (9) (10) (11) (12) (36) .
Experimental protocols. In all experiments, Ca. responsiveness was measured before and after 20 min of normal perfusion, 15 min of ischemia, and 30 min of reperfusion (or a nonischemic period of equal duration). After the second determination of Cao responsiveness, MCAP was measured in each heart as described above. The hearts were then removed from the perfusion column, blotted, and weighed. The experiments were divided into four protocols: nonischemic control (n = 5), unmodified reperfusion (n = 6), acidic reperfusion (n = 7), and NH4C1 washout (n = 6). The nature of each intervention, its rationale, and its timing are presented in detail in the Results. Statistical analysis. All data were expressed as means±SE. Statistical analysis was performed with paired or unpaired t tests, and multivariate analysis of variance to compare Cao responsiveness and changes in pHi during early reperfusion in the different experimental groups (37, 38).
Results
Improved recovery offunction with acidic reperfusion. Fig. 1 shows developed pressure (means±SE) as a function of time in three distinct experimental groups: (A) 15 min of ischemia, then reperfusion with unmodified solution; (B) the same duration of ischemia followed by reperfusion with acidic solution; and (C) isochronal controls subjected transiently to acidosis without ischemia. Note that functional recovery in Fig. 1 A is incomplete when hearts (n = 6) are reperfused with unmodified solution after 15 min of ischemia. We have previously shown that such contractile dysfunction is associated with little evidence of histologic injury (5) and therefore qualifies as stunned myocardium.
In contrast to the persistent decrease in contractile pressure with unmodified reperfusion, Fig. 1 B shows virtually complete recovery of function in a group of hearts (n = 7) transiently reperfused with acidic solutions before returning to normal solution. The changes of solution pH in this protocol are depicted above the pressure data: hearts were reperfused with pH = 6.6 for the first 3 min and pH = 7.0 for another 3 min before returning to normal pH (7.4) . As compared with the unmodified reperfusion group, functional recovery is significantly improved (P < 0.001). The dramatic preservation of function in this group agrees with our prediction that acidosis during the first moments of reperfusion might attenuate stunning.
We verified that transient acidity itself did not produce persistent changes in function by subjecting five hearts to the protocol shown in Fig. 1 that the beneficial effect oftransient acidity during reperfusion is not an aftereffect of low pH per se. According to the rationale for our experiments with acidic reperfusion, we would predict that the extracellular acidity blunts the rate at which pHi returns to normal after ischemia. We tested this idea by measuring pHi using 31P-NMR. Fig. 2 shows pHi during late ischemia and early reperfusion in the unmodified group (0) and in the acidic group (0). While the extent of acidosis at the end ofthe ischemic period is comparable, the two groups clearly diverge during the critical early phase (0-12 min) of reperfusion (P < 0.01). The difference in pHi is attributable to the extracellular acidification: pH, converges in the two groups after 9 min of reperfusion, shortly after external pH is restored to normal.
Contractile parameters in unmodified and acidic reperfusion. Stunned myocardium is characterized by impaired pressure development during twitch contractions over a wide range of [Ca] . and by a decrease in MCAP (5) . We sought to determine whether the beneficial effect of acidic reperfusion might be restricted to one or the other parameter because of Over the range of [Ca] . from 0.5 to 5.0 mM, the force of contraction in the acidic reperfusion group was greater than in the unmodified group (P < 0.001), but not different from the function in the nonischemic controls (P > 0.5).
A similarly striking preservation of function in the acidic reperfusion group was apparent from measurements of the pressure developed during tetani after exposure ofthe hearts to ryanodine. Fig. 3 (26, 27) , but a persistent aftereffect of acidosis would need to be postulated in order to explain the improved recovery evident in Fig. 3 A solely on the basis of changes in the Ca2+ transient.
In hearts perfused with saline solutions without blood cells or proteins, contractile dysfunction after ischemia involves not only a decrease in systolic pressure but also a rise in diastolic pressure (5, 40). As Table I shows, we confirmed that end-diastolic pressure was higher in the unmodified reperfusion group than in the nonischemic control hearts (P < 0.025). In the acidic reperfusion group, end-diastolic pressure was significantly lower than in the unmodified reperfusion group (P < 0.01), although still somewhat elevated with respect to the nonischemic controls (Table I ). This indicates that the beneficial effects ofacidic reperfusion are evident in improved recovery of both systolic and diastolic function.
Acidification decreases contractile force and, although the difference in DP between the unmodified and acidic groups is small during the first 6 min ofreperfusion (Fig. 1, A and B) , we considered the possibility that ventricular "unloading" during early reperfusion might explain the protective effect of acidosis. To check this notion, we deflated the balloon during 6 min of reperfusion in two hearts, then restored it to its previous volume. At steady state, both DP and MCAP were as low in these hearts as in the unmodified reperfusion group (DP 78 and 80 mmHg, MCAP 220 and 230 mmHg), indicating that the protective effect ofacidic reperfusion is not simply due to a decrease in ventricular work. Is intracellular or extracellular acidosis beneficial? The results presented above indicate that transient acidosis during reperfusion is protective, but they leave unresolved the question of whether the extracellular acidity or the secondary intracellular acidosis exerts the beneficial effect. To settle this point, we devised a new experimental strategy which results in selective intracellular acidification upon reperfusion. The key element in this strategy is exposure to 10 mM NH4Cl for 6 min just before ischemia. When the heart is reperfused with normal (NH4Cl-free, pH 7.4) solution, NH3 diffuses from the cell, leaving behind an acid load in the cytoplasm. Fig. 4 shows the time course of changes in DP and pHi with such a protocol in six hearts. As expected, the washout of NH4Cl upon reperfusion produced a mild intracellular acidosis (Fig. 4 B) comparable to that in the acidic reperfusion group (Fig. 2) despite the fact that the pH ofthe perfusate was kept at 7.4 throughout the experiment. Fig. 4 A shows that the eventual recovery of DP was just as complete with this protocol as observed previously with acidic reperfusion. Similarly, end-diastolic pressure was strikingly well preserved (Table I) . The beneficial effects of NH4Cl conditioning are evident over a broad range of [Ca] o during twitches and tetani, as shown in Fig. 5 . MCAP was higher in the NH4Cl washout group than in the unmodified reperfusion group (277±7 vs. [Pi] or pH1 by interpreting the 3"P-NMR spectra. Fig. 6 demonstrates representative spectra from individual hearts in the unmodified reperfusion (A), acidic reperfusion (B), nonischemic control (C), and NH4Cl (D) groups, each obtained at steady state after ischemia (or isochronally in the nonischemic control heart). The appropriate physiological peaks are labeled with the names of the corresponding phosphate species. The findings apparent in the individual spectra in Fig. 6 are representative of the pooled data for metabolite concentrations in the various groups. Fig. 7 accompany ischemia will, if anything, tend to favor Ca influx via "reverse mode" Na/Ca exchange (44). The involvement of Na-Ca exchange is supported by the finding that reperfusion with low [Na'] solution markedly attenuates Ca uptake after 40 min of global ischemia in rat hearts (3) . Similarly, functional and metabolic recovery are improved when lithium substitutes for Na in a low-flow ischemic perfusate (33) . While acknowledging that estimates ofCa influx via Na-Ca exchange are subject to various technical limitations, a number of investigators have concluded that acidosis inhibits Ca transport via this pathway. If [Na] i is elevated during ischemia (45-47; cf. 48), then the rapid restoration of pHi to normal would be expected to increase the activity of Na-Ca exchange and thereby drive in Ca upon reperfusion. By blunting the time course of pHi recovery after ischemia, reperfusion acidosis could allow the Na gradient more time to be restored before pHi returns to normal. The driving force for Ca entry upon reperfusion would thus be dissipated before Na-Ca exchange is fully reactivated.
The possibility that acidosis might attenuate injury by decreasing the degree of intracellular Ca binding is rendered plausible by various observations. Direct measurements of
[Ca2+]i reveal a slight increase during acidosis (26, 27) , indicating that less Ca2+ must be bound in view of the finding that Ca uptake is not increased by acidosis (39) . A fall in pHi depresses the Ca binding capacity of sarcolemmal phospholipids (25) and troponin C (22) (23) (24) ). The precise relationship of decreased Ca binding to the mechanism of injury remains unclear, but candidates for effectors of injury include the Ca2+-activated protease implicated in postischemic cytoskeletal degradation (49) .
